The relationship between fungal activity and staining with fluorescein diacetate (FDA) was investigated by growing Penicillium citrinum and Rhizoctonia solani in submerged batch cultures at different initial glucose concentrations and aeration rates. A modified FDA staining method, similar to the Jones and Mollison technique (P. Jones and J. Mollison, J. Gen. Microbiol. 2:54-69, 1948), was developed to assess both total and FDA-stained hyphae. In previous studies, soil hyphae stained with FDA were considered viable. However, determination of a quantitative relationship between FDA staining and fungal activity is necessary before such an assumption can be made. Growth rates and the rate of change in the percentage of FDA-stained hyphae were significantly correlated. The regression equation calculated for the relationship was: growth rate (mg -ml-* h-) = 0.34 + 1.1 (rate of change in the percentage of FDA-stained hyphae [-ml-' -h-1]).
The relationship between fungal activity and staining with fluorescein diacetate (FDA) was investigated by growing Penicillium citrinum and Rhizoctonia solani in submerged batch cultures at different initial glucose concentrations and aeration rates. A modified FDA staining method, similar to the Jones and Mollison technique (P. Jones and J. Mollison, J. Gen. Microbiol. 2:54-69, 1948), was developed to assess both total and FDA-stained hyphae. In previous studies, soil hyphae stained with FDA were considered viable. However, determination of a quantitative relationship between FDA staining and fungal activity is necessary before such an assumption can be made. Growth rates and the rate of change in the percentage of FDA-stained hyphae were significantly correlated. The regression equation calculated for the relationship was: growth rate (mg -ml-* h-) = 0.34 + 1.1 (rate of change in the percentage of FDA-stained hyphae [-ml-' -h-1]).
Changes in activity as measured by 02 utilization, glucose utilization, and biomass correlated significantly with changes in the percentage of FDA-stained hyphae, although the relationships among these parameters were different for each fungal species. Fungal growth stage was also correlated with the percentage of FDAstained hyphae. Staining was 10o or greater during fungal growth and less than 10% during the late growth, stationary, and death phases. Thus, the rate of change in the percentage of FDA-stained hyphae can be used to predict fungal activity rate changes for single fungal cultures and growth rates for mixed fungal cultures, and the growth stage can be assessed by the percentage of FDA-stained hyphae.
Fluorescein diacetate (FDA) has been used as a mammalian cell viability and activity stain since the work of Rotman and Papermaster (18) . Rotman and Papermaster (18) and Cercek and Cercek (5) showed that viable mammalian cells fluoresced after treatment with FDA but that dead cells did not fluoresce. Fungal cells killed with mercuric chloride (20) did not stain with FDA, whereas growth-phase cells did. Soderstrom (20) , Medzon and Brady (11) , and Ziegler et al. (29) stained representatives of many fungal groups with FDA and found that these fungi fluoresce after FDA application. Rotman and Papermaster (18) hypothesized that FDA, a nonpolar compound, is taken up by an active transport phenomenon (17) tween FDA staining and the metabolic activity of fungal cells could result in the development of a quantitative relationship. Although a relationship has been assumed to exist (3, 4, (20) (21) (22) , experimental evidence has not been previously presented. Fungal activity has been conventionally determined by measuring 02 utilization, CO2 evolution, enzyme activities, biomass, or substrate utilization (1, 2, 14) . In this research, 02 utilization, glucose utilization, and biomass were used to assess fungal activity and were compared to the percentage of FDA-stained hyphae, determined by dividing the length (in centimeters) of FDA-stained hyphae by the length of total hyphae.
MATERLALS AND METHODS
Study organisms. Penicillium citrinum was isolated from the Central Plains Experimental Range, Nunn, Colo., and Rhizoctonia solani was obtained from the laboratory of Ralph R. Baker, Colorado State University, Fort Collins. These fungi were chosen because P. citrinum grows as a pellet in submerged culture whereas R. solani grows in a diffuse manner, exemplifying the different types of growth which occur in submerged culture (8, 14) . Both fungi were maintained on a glucose-mineral salts medium (GMS) containing 3 g of NaNO3, 0.5 g of MgSO4 * 7H20, 0.5 g of KCl, 0.3 g of K2HPO4, 0.2 g of KH2PO4, and 0.01 g of FeSO4 per liter of medium. Glucose-GMS slants (3 and 10 g of glucose per liter of GMS) were inoculated with a fungus and incubated at room temperature. In addition, R. solani was grown in medium containing 10 g of glucose per liter of GMS broth and stored at room temperature.
Inoculum preparation. P. citrinum conidia were placed on plates containing 3 g of glucose per liter of GMS agar and incubated at room temperature for 4 to 12 weeks. Conidia were removed and placed in sterile distilled water. Conidial densities were determined microscopically, and the suspension was diluted to 106 conidia * ml-1 of sterile distilled water.
R. solani hyphal fragments were inoculated into 500 ml of a broth containing 10 g of glucose per liter of GMS broth and incubated for 4 days at 22°C. A 300-ml amount of medium was decanted, and the remaining 200 ml was blended at high speed for 1 min in a Waring blender, resulting in a hyphal suspension containing a total of approximately 10 cm of hyphal fragments a ml-'.
Culture preparation. Batch submerged cultures were prepared by inoculating 3 liters of GMS broth into 7-liter Microferm vessels (New Brunswick Scientific Co., Edison, N.J.) with either P. citrinum conidial suspensions or R. solani hyphal fragment suspensions. Growth conditions were varied by using different combinations of initial glucose concentrations and aeration rates. The desired medium was prepared, placed in the fermentor vessels, autoclaved for 30 min, and allowed to cool, and the vessels were placed on the fermentor unit. Air flow, agitation, and temperature control (22°C) were started at least 0.5 h before fungal inoculation. Blended samples were prepared by blending fungal samples at high speed for 2 min in a Waring blender (4, 21, 23) .
Determination of 02 transfer rates. The relative differences in 02 transfer to fermentor media under different aeration rates were determined by the sulfite oxidation method (6) . Since the GMS broth medium actually used for fungal cultures did not display any viscous properties, 02 transfer to this medium was assumed to be the same as 02 transfer to the sodium sulfite medium (6) . Oxygen utilization. Oxygen utilization rates were determined by using a dissolved oxygen probe (Yellow Springs Instrument Co., Yellow Springs, Ohio). The 02 concentration in saturated medium was determined by standard iodometric analysis to be 5 mg of 02 v ml-', and the dissolved oxygen probe was calibrated with saturated medium at each sample time. The blended sample or saturated medium (3 ml) was placed in the dissolved oxygen probe wells and equilibrated by stirring before the 02 probe was introduced. The rate of 02 utilization was recorded along with the reading for O2-saturated medium.
Biomass. Hyphal biomass was determined by centrifuging 25 ml of a blended submerged culture sample in a Sorvall ultracentrifuge (Ivan Sorvall, Inc., Norwalk, Conn.) for 10 min at 10,000 rpm (relative centrifugal force, 34.2 x 106). The supernatant was frozen for later glucose analysis. The fungal pellet was washed with distilled water (50 ml) and recentrifuged. The pellet was -then washed again and dried for 24 h in a 105°C oven in dried, tared aluminum pans. After the pellet had been dried, the pans were weighed again, and the difference was taken as the dry weight in milligrams per 25 ml of fungal sample.
Glucose analysis. Residual glucose in the submerged culture medium was determined by the phenol-sulfuric acid method (7). Thawed supematant (1 ml) from dryweight determinations was diluted to an appropriate concentration for analysis. A standard curve was prepared by using glucose.
FDA staining method. The FDA staining technique developed in this study was a modification of both Soderstrom's method (20) and the Jones and Mollison total fungal biomass method (9) . Modifications were tested to ensure that the changes did not adversely affect the procedure.
Stock solutions of FDA (Sigma Scientific Co., St. Louis, Mo.) were prepared by dissolving 2 mg of FDA in 1 ml of technical grade acetone and storing the solution at -10°C. Working solutions were prepared by adding 1 ml of the stock solution to 99 ml of 60 mM phosphate buffer (pH 7.6) and filtering the solution through 0.2-p.m-pore-size Nuclepore filters (Nuclepore Corp., Pleasanton, Calif.). The filtered solutions were stored at 10°C for up to 2 weeks. To 1-ml portions of the blended fungal samples, 1 ml of FDA working solution was added to give a final FDA concentration oflO ,ug * ml-1.
After being stained with FDA for 3 min, the blended fungal sample was filtered through a 0.2-,um-pore-size polycarbonate filter prerinsed in phosphate buffer and then held on a 25-mm-diameter Sweenex filter holder to remove excess FDA stain. Hyphae were suspended in 1 ml of phosphate buffer, and the filter was removed. Molten 1.5% (wt/vol) agar in distilled water was added (1 ml), the suspension was mixed well, and a 0.1-ml portion was placed on a slide of known area and depth (10) . Lengths of fluorescent hyphae were determined by epifluorescent microscopy, and total hyphal lengths were determined by phase-contrast microscopy, performed with a Zeiss universal photomicroscope .at a total magnification of 160x. Two slides per sample were prepared, and 60 fields per slide were examined. The percentage of FDA-stained hyphae was calculated by dividing the length (in centimeters) of FDA-stained hyphae by the length of total hyphae.
Removal of hyphae from membrane filters. The optimum procedure for rinsing hyphae from membrane filters was evaluated as follows. Low and high concentrations of fungi (0.17 and 0.51 mg [dry weight] * ml-', respectively) were filtered through 0.22-p.m-pore-size filters and then rinsed with 0.5, 1.0, or 2.0 ml of phosphate buffer; the filters were shaken in test tubes with buffer for 0.5, 1.0, 2.0, or 5.0 min. Filters were examined at random to determine that the hyphae were completely removed from the filters.
Effect of blending on FDA-stained hyphae. During early outgrowth of P. citrinum or R. solani in submerged culture, the mycelium was sufficiently diffuse not to require blending. Culture samples were removed, and both blended and nonblended hyphae were stained with FDA. The difference between the percentage of staining by these two treatments was compared to determine whether blending reduced the number of hyphae which fluoresced after FDA treatment.
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Effect of holding time and temperature on FDAstained hyphae. To evaluate the maximum holding time, P. citrinum suspensions were prepared, stained with FDA, and suspended in phosphate buffer. Five replicates were held at each of the following temperatures: -10, 10, and 22°C. Samples were observed by epifluorescent microscopy at 0, 1, 3, 5, and 7 h poststaining to determine the length of time that hyphal counts would remain the same as initial counts at these three temperatures.
FDA staining of new hyphal growth. Twenty test tubes containing 9 ml of 10 g of glucose -liter-' of GMS broth were inoculated with conidial or hyphal fragment suspensions. Samples were removed periodically during hyphal outgrowth and stained with FDA to determine the percentage of staining which occurred during new fungal growth.
Statistical analysis. Linear regressions and correlation coefficients were calculated with the Minitab II statistical package developed by the University of Pennsylvania (19) . All significant differences cited in the text were calculated using P < 0.05.
RESULTS
Removal of hyphae from membrane filters. FDA-stained hyphal suspensions were filtered through 0.2-,um-pore-size filters to remove excess FDA stain. Initially, hyphae were to have been enumerated directly on the filters, but due to nonuniform distribution of the hyphae, resuspension of the hyphae and microscopic observation of agar films were required to more accurately assess hyphal lengths. The optimal resuspension procedure was established by varying the rinse solution volume and rinsing time in preliminary trials. Shaking for 30 s did not adequately remove hyphae from the filters at either low or high biomass concentrations. With extended rinsing times of 2 to 5 min, 0.5 ml of buffer was adequate to remove hyphae from the filters, but this was time consuming. Rinsing with 1 ml of buffer for 1 min consistently removed all of the hyphae from the filters at either biomass concentration.
Effect of blending on FDA-stained hyphae. Since blending has been shown to disrupt hyphae and decrease the number of hyphal cells stained with FDA (21) , the effect of blending on both total and FDA-stained hyphae was tested.
Flask cultures of both P. citrinum and R. solani were grown at room temperature, and samples were removed at 0, 24, and 41 h postinoculation. Blended and nonblended samples were stained with FDA and examined microscopically (Table 1) . FDA-stained cells were reduced by approximately 20% at each sample time due to blending. Total hyphal lengths decreased less rapidly than did FDA-stained hyphal lengths, indicating that the FDA-stained hyphae were more susceptible to damage by blending than were nonstained hyphae. The destruction of the more active portion of the hyphae by blending could be important in calculating the active fungal biomass, because it would lead to underestimation of activity. Such reductions might not occur with low hyphal densities or when hyphae are protected by soil particles, but Soderstrom (21) indicated that a 20% reduction in activity occurs in blended soil samples. The reduction caused by blending may not be as important in comparative studies, as staining appeared to be reduced by a consistent percentage.
Effect of holding time and temperature on FDA-stained hyphae. Rotman and Papermaster (18) suggested that mammalian cells could be held for short periods of time after being stained with FDA before fluorescein elimination from the cells results in a lack of contrast between the cells and the background when observed by epifluorescent microscopy. In the same paper, it was shown that the holding temperature affects the length of time that FDA-stained cells can be held, with a maximum holding time of 7 h at 10°C. Based on this information, the effects of holding time and temperature on the maintenance of fluorescent hyphae were evaluated. Holding the cells at -10°C decreased the number of fluorescent hyphae within 1 h after staining, and further decreases occurred throughout the experiment. At 22°C, decreased counts were observed within 3 to 5 h post-staining. When samples were held at 10°C, a decrease in FDAstained hyphal lengths did not occur until 7 h after staining. This indicated that fungal samples could be held for at least 5 h at 10°C without changing fluorescein retention by the cells. This experiment also indicated that hydrolyzed FDA was not translocated to nonstained cells when held at 10°C for short periods.
FDA staining of new hyphal growth. During the first 12 to 24 h of growth in fermentor cultures, the concentration of fungal biomass was not sufficient to allow staining or biomass estimations. Information on this critical growth phase was provided by inoculating small amounts of media with high-density spore or hyphal fragment suspensions and enumerating FDA fungal staining during hyphal outgrowth. Results from these experiments were assumed to be equivalent to early outgrowth of fungi in fermentor experiments. Staining was noticeably higher just after the spores had germinated or the hyphal fragments had begun to grow (Tables 1 and 2 ) as compared with the staining offermentor cultures at the initial sample times ( Fig. 1 and 2 ). P. citrinum was 94% stained at 18 h ( respectively). These last percentages agreed with the percentages observed in fermentor experiments ( Fig. 1) . For R. solani, the highest percentage of FDA staining occurred immediately after inoculation (Tables 1 and 2 ), but since R. solani cultures were inoculated with both active and inactive hyphal fragments, the percentages observed at this time were lower than those seen with P. citrinum. By 30 and 41 h postinoculation, staining of R. solani hyphae decreased to the percentages observed in fermentor experiments ( times greater than did R. solani when both were grown on the same medium, 10 g of glucose a liter-1 GMS broth (Table 2) . Fungal growth in submerged culture. During the most rapid growth of the fungi in submerged cultures, 10% or more of the hyphae were stained compared with less than 10% during the late growth and stationary phases ( Fig. 1 and 2 ). Nearly all of the germ tubes or new hyphal tips fluoresced after FDA treatment (Table 2 ), indicating that elongating hyphae take up and hydrolyze FDA. Reduction in FDA-stained hyphae occurred as growth continued, which showed that as fungal cultures differentiated into distinct growth zones (12, 13, (24) (25) (26) (27) (28) , the less metabolically active hyphae did not fluoresce after FDA application.
For both fungi, as the relative rates of 02 transfer to the medium were increased, activity as measured by 02 utilization, glucose utilization, and biomass increased. Correlations between dry weight or biomass versus the percentage of FDA-stained hyphae and residual glucose versus the percentage of FDA-stained hyphae were significant in the majority of cases (Table  3) .
The rate of change (dx/dt) for each parameter was determined for each set of experimental conditions (Table 4 ). For example, 02 utilization rates over time were determined for the growth phase for each set of experimental conditions, and these rates of change were recorded ( Table  4) . As 02 transfer rates were increased, all of the activities measured increased their rates of change. When the initial glucose concentration was increased and the relative 02 transfer rate was maintained, the activity rates of change also increased. As initial conditions were changed, however, the rates of change in each activity measured did not change in the same proportion for both fungi. For example, when the initial glucose concentration for P. citrinum and R. solani was changed from 1 to 3 and from 10 to 30 g of glucose * ml-', respectively, and the relative 02 transfer rate was held at 0.41 mmol of 02 -min-' * liter-', glucose utilization rates changed by a factor of 4.4 for P. citrinum and 2.5 for R. Fig. 1 for units of (13, (24) (25) (26) (27) (28) . Pirt (16) reported that metabolically active hyphae are found exclusively in the growth zone or periphery of submerged culture-grown fungal pellets due to the nutrient diffusion gradients which develop. Thus, measurements of specific activity were expected to be highest after new hyphal growth began and to decrease as culture age increased. In contrast, total activity was expected to increase throughout the period of fungal growth due to the increasing numbers of hyphal tips. Blending submerged culture samples reduced total hyphae by only a small amount but reduced FDA-stained hyphae by 20% (Table 2) Fig. 1 and 2 ). Although these comparisons were made with single-species batch cultures, it should be possible to apply these findings to natural systems to determine whether fungi were growing rapidly or slowly.
If the uptake of FDA (appearance of fluorescence) and then the elimination of fluorescein from fungal cells were measured, the FDA turnover rate for a particular fungus could be determined. The experimental design could be similar to the holding time and temperature experiment described in this work, although determination of whether this turnover rate was indicative of the turnover rate for carbon or some other nutrient would be necessary. The turnover rate of fluorescein within the cells might also be useful as a comparative measure offungal activity.
Further research should be performed to determine whether the relationships observed in this study also occur when fungi are grown under less optimal conditions, such as are found in soil. Although many methods can be used for determining fungal activity in pure cultures, none are applicable to the determination of total fungal activity when many different organisms are present. Soderstrom (20) (21) (22) 
